Abstract-We have developed a new laser-based time calibration system for the MEG II timing counter dedicated to timing measurement of positrons. The detector requires precise timing alignment between ∼ 500 scintillation counters. In this study, we present the calibration system which can directly measure the time offset of each counter relative to the laser-synchronized pulse. We thoroughly tested all the optical components and the uncertainty of this method is estimated to be 24 ps. In 2017, we installed the full system into the MEG II environment and performed a commissioning run. This method shows excellent stability and consistency with another method. The proposed system provides a precise timing alignment for SiPM-based timing detectors. It also has potential in areas such as TOF-PET.
I. INTRODUCTION
L EPTON flavor violating decays are powerful tools to search for new physics beyond the standard model. The MEG II experiment at Paul Scherrer Institut (PSI) in Switzerland will search for one of these decays, µ + → e + γ, with a sensitivity of 6 × 10 −14 improving the existing limit of almost an order of magnitude [1] . The sensitivity of MEG, the first phase of the experiment, was limited by the detector performance. The µ + beam intensity was reduced to satisfy the requirements of stable operation of the detectors. Therefore, in order to make full use of the available beam intensity of 7 × 10 7 µ + /s, we developed new detectors with resolutions in energy, position, and timing improved by a factor of two. In particular, good time resolution plays an important role to reduce the dominant background that depends quadratically on the beam intensity.
The pixelated Timing Counter (pTC), one of the key detectors in MEG II, is dedicated to the measurement of the positron timing. Its design is based on a new approach to improve the time resolution: the multiple hit scheme [2] . The pTC consists of 512 scintillation counters ( Fig. 1) II target and the other downstream. Each counter, with a size of 40 (50) × 120 × 5 mm 3 , consists of a fast plastic scintillator (SAINT-GOBAIN, BC422) read out by six series-connected silicon photomultipliers (SiPM, AdvanSiD, ASD-NUV3S-P High-Gain, 3 × 3 mm 2 , 50 × 50 µ m 2 , V breakdown ∼ 24 V) at both short ends. Signal positrons hit ∼ 9 counters on overage and the total time resolution is expected to improve with the number of hit counters. This approach enables us to achieve a time resolution of 35 ps, two times better than in MEG.
Exploiting the multiple hit scheme requires a precise relative time calibration between counters, which is a challenging task. We have developed a new time calibration method using a pulsed laser and commercially available optical components. This method measures directly the time offsets for the timing alignment.
II. OVERVIEW OF THE LASER-BASED TIME CALIBRATION

SYSTEM
The laser-based time calibration system is shown in Fig.  2 . The laser pulse ("Laser controller" and "Laser head") is split into each scintillation counter simultaneously via several optical components: a mode scrambler, optical splitters, and optical fibers. The laser device is produced by Hamamatsu with a part number of PLP-10 and has the following features: wavelength: 401 nm, pulse duration: 60(typical)-100(max) ps, peak power: 200 mW. The mode scrambler produced by OPTO SCIENCE, INC. stabilizes transmission mode in a fiber. The optical switch produced by LEONI switches light paths. Optical splitters divide the input light into several channels. 1 to 2 splitter is produced by OZ OPTICS and the others 978-1-5386-8494-8/18/$31.00 ©2018 IEEE The selection of these items was based on a detailed study presented in [3] . To get enough laser power for each counter, one-eighth of counters (∼ 64) are illuminated at one data taking. The time offset of each counter is measured relative to laser-synchronized pulse. We have developed a new method to fix an optical fiber into the scintillator: a small hole with a diameter of 2.5 mm and with a depth of 1 mm is drilled into the bottom long side of the scintillator and a polycarbonate screw (at the bottom in Fig. 1 ), which has a fiber-shaped hole inside, fixes the optical fiber together with the black support bar made of ABS resin.
Slow control tasks such as monitoring temperatures, controlling the laser, and switching the optical switch are performed based on the Midas Slow Control System [4] developed at PSI and TRIUMF.
III. RESEARCH AND DEVELOPMENT
We focused on the following items in research and development of the laser calibration system.
A. Fiber insertion method
Firstly, we confirmed that the hole in the scintillator does not degrade the time resolution. Then we considered whether we should put optical grease inside the hole expecting better optical contact. However, it turned out that the time offset depends on the amount of the grease. The amount of grease during the assembly could not be reproduced satisfactorily. Therefore, we decided not to use optical grease. We checked the reproducibility: the fiber was inserted and the time offset was measured repeatedly. The reproducibility of the time offset is highly satisfying (3.8 ps in standard deviation). The stability was also confirmed during the commissioning phase (Sect. IV).
B. Temperature dependence
Time offset of all optical components depends significantly on temperature. We measured the temperature coefficient of the whole system to be 7.6±1.5 ps/
• C. The main contribution was from the "SYNC signal" cable (RG174/U) in Fig. 2a ; we will replace it with another cable with a smaller temperature coefficient (FSJ1-50A) before the engineering run in 2018. In addition, the temperature in the detector area is expected to be stabilized within 1
• C, thus the temperature effect on the time offset will be negligible.
C. Mass test
All optical components including ∼ 600 fibers and ∼ 80 splitters, were tested before installation. Particularly the optical length in the optical splitter has a large difference among different production batches. However, it does not affect the performance because this difference of optical length up to counter are subtracted from the time offset.
D. Uncertainty of the system
Finally, the uncertainty of the laser calibration is calculated to be 24 ps by summing up all the contributions which can affect the time offset such as transit time variation inside the SiPMs, reproducibility of fiber insertion method, and statistical uncertainty in the mass test.
A detailed study of the mass test and an estimation of the uncertainty are presented in [5] [6] .
IV. COMMISSIONING AND PERFORMANCE
In 2016 one-fourth of the system was operated and we reported the result in [7] . In 2017 we finished the construction and the assembly of the pTC and then we installed it into the MEG II experimental area at PSI to operate it under the MEG II µ + beam (7×10 7 µ/s). Data with positrons from Michel decay (µ + → e + νν) were collected for two weeks and the detector was operated for two months. The time offset calculated with this method was stable enough over time (2.5 ps in standard deviation for one month). As shown in Fig. 3 , this method was compared with another calibration method, which uses positron tracks, and they are in good agreement within ∼ 50 ps. 
V. CONCLUSION
We have developed the laser-based time calibration system for the MEG II pTC with an uncertainty of 24 ps. The time offset calculated with this method is stable enough for the detector operation. In addition, the consistency of the time offset was checked with another method.
Laser-based methods for TOF detectors in the past were commisioned only for plastic scintillator detectors with photomultiplier tube read-out; however, SiPM read-out enables us to design more compact and flexible timing detectors and the rapid development of SiPM technology suggests that scintillation detector with SiPM read-out will be extensively used in a wide variety of applications.
Therefore, laser-based time calibration methods are expected to become more and more widespread. Furthermore, this method is precise enough to be compatible with the multiple hit scheme. It also has potential in areas such as Time-Of-Flight positron emission tomography (TOF-PET).
The full engineering run of the MEG II experiment will start in 2019 followed by the physics run, searching for the lepton flavor violating muon decay.
